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ABSTRACT 
 
Long-term potentiation (LTP) and long-term depression (LTD) are processes thought to underlie 
learning and memory, which require proper regulation of activity-regulated cytoskeleton-
associated protein (Arc; also known as Arg3.1).  Abnormal expression levels of Arc have been 
associated with Alzheimer’s disease, schizophrenia, Fragile-X syndrome, Angelmann’s 
syndrome and substance abuse.  Arc is an immediate early gene product that is transcribed in 
dendritic spines and is a positive regulator of AMPA receptor (AMPAR) endocytosis during 
LTD.  Verified protein-protein interactions between Arc and proteins involved in endocytosis, 
including dynamin and endophilin, support the role of Arc as a regulator of AMPAR 
endocytosis.  Nevertheless, the mechanism by which Arc specifically targets AMPARs for 
endocytosis is currently unknown.  This is key to understanding the mechanisms of learning and 
memory and how they are affected by Arc associated human conditions.  Here we show evidence 
of a novel interaction between Arc and protein interacting with C kinase 1 (PICK1), a protein 
known to bind to the GluR2 subunit of AMPARs and associated with AMPAR trafficking.  
Cross-correlation raster image correlation spectroscopy and Förster resonance energy transfer 
(FRET) with Arc-mCherry and EGFP-PICK1 demonstrate this interaction.  FRET is more 
apparent in the projections of transfected SH-SY5Y cells and is enhanced by depolarization.  
Interestingly, TIRF imaging shows PICK1 aggregates that are only present when cotransfected 
with Arc that colocalize with Arc aggregates.  These findings show an interaction of Arc and 
PICK1, which may answer how Arc directs endocytic machinery to AMPARs during LTD. 
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CHAPTER 1. INTRODUCTION  
1.1 Synaptic transmission and AMPA receptors 
Action potentials carry neural signals from one end of a neuron to the other and are a large 
component of neural signaling.  An action potential is initiated when a neuron receives sufficient 
depolarizing stimulus to pass a threshold membrane potential.  Entry of sodium ions into a 
postsynaptic neuron is the primary mechanism of membrane depolarization.  Glutamate is the 
primary excitatory neurotransmitter in the brain and may be released from a presynaptic neuron 
into the synapse in response to an action potential.  When glutamate crosses a synapse it can bind 
to glutamate sensitive receptors on the postsynaptic neuron.  These receptors can fall into two-
classes: metabotropic and ionotropic.  Metabotropic glutamate receptors (mGluRs) initiate 
intracellular signaling within the postsynaptic neuron that can lead to long lasting structural and 
functional changes in the cell.  In contrast, ionotropic glutamate receptors, which include α-
amino-3-hydroxy-5-methylisoxazolepropionate receptors (AMPARs), N-methyl-D-aspartate 
receptors (NMDARs), and kainate receptors, are ion channels that open to allow the passage of 
ions across the plasma membrane in response to glutamate binding.  These ions can trigger an 
action potential in the postsynaptic cell as well as act as second messengers. 
When activated, AMPARs rapidly open and allow sodium ions into the cell.  They are 
thereby the primary means by which glutamate induces an action potential in a postsynaptic cell.  
Typical AMPARs are heterotetramers of combinations of GluR1, GluR2, GluR3, and GluR4 
subunits.  Each subunit contains 3 membrane-spanning regions, a reentrance loop, an N-terminal 
domain, a glutamate binding region, and a Flip/Flop region (figure 1)1.  Alternative splicing of 
the Flip/Flop region varies regionally throughout development and controls the desensitization of 
the receptor to glutamate activation2.  Another structural mechanism that regulates the properties 
of an AMPAR is the stoichiometric composition of its subunits3.  Homomeric AMPARs 
containing GluR1, GluR3, or GluR4 allow the passage of sodium and calcium ions into the cell4.  
However, mRNA editing of a glutamine to an arginine in the reentrance loop of the GluR2 
subunit prevents the flow of divalent ions, such as calcium, through receptors containing the 
GluR2 isoform1.  Subunit composition also affects the trafficking and protein-protein interactions 
of AMPARs.  GluR1 subunits have a relatively long C-terminal cytoplasmic tail in comparison 
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to GluR3 type subunits4.  Alternative splicing of the C-terminal region of GluR2 and GluR4 
yields both long and short-tailed variants of these subunits4.  
AMPARs are synthesized in the endoplasmic reticulum and modified in the Golgi before 
being trafficked to the dendrites4,5.  Evidence of dendritic AMPAR translation has also been 
demonstrated6.  At the dendrites, AMPAR surface expression is highly regulated. AMPARs are 
thought to be inserted into extrasynaptic regions where they diffuse more quickly than those held 
in the synaptic region7,8.  Neural activity has been observed to decrease the diffusion rate of 
AMPARs indicating that AMPAR movement is activity-dependent7.  In particular, GluR2 
containing AMPARs have been indicated to be more synaptically localized following synaptic 
activity and NMDAR activation9,10.  Alternatively, GluR1 containing subunits are continually 
added to and removed from synapses9,10.  Regulation of surface AMPAR expression is partially 
controlled by endocytosis and exocytosis.  For example, intracellular tetanus toxin, an inhibitor 
of SNARE-dependent exocytosis, has been shown to decrease AMPAR insertion into the plasma 
membrane11.  This implies that AMPARs are likely carried to and from the plasma membrane on 
vesicles.  Centrifugation has been used to identify a fraction of vesicles that contain AMPARs 
and do not contain NMDARs12. These AMPARs were found in intermediate sized vesicles that 
are in between the size of synaptosomes and synaptic vesicles12.  In addition, these vesicles were 
shown to cofractionate with proteins that are known to associate with AMPARs, such as protein 
interacting with C kinase 1 (PICK1) and GRIP12.  There are still many questions about the 
mechanism of AMPAR surface expression regulation and the proteins involved that are under 
investigation. 
 
1.2 Mechanisms of long-term depression 
 
Understanding the trafficking of AMPARs from the plasma membrane is essential to 
understanding many diseases and neurological conditions due to the role of AMPARs in learning 
and memory. Long-term potentiation (LTP) and long-term depression (LTD) are synaptic 
responses to neural stimulation that are widely thought to underlie learning and memory. LTP is 
a selective increase in synaptic strength following neural activity that lasts hours or longer. In 
contrast, LTD is a long-lasting decrease in synaptic response following neural activity.  While 
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the two mechanisms have opposite effects, both processes lead to a change in the excitability of 
the postsynaptic neuron and are believed to be essential for normal memory formation.   
Recently, a causal link between LTP/LTD and memory has been shown using optogenetics to 
stimulate specific brain regions13.  Mice were conditionally trained to pair optogenetic 
stimulation of the amygdala with a foot shock, which was shown to induce LTP at the activated 
synapse.  Following fear conditioning, LTP was reversed using an optogenetic LTD protocol.  In 
this way, researchers were able to erase and reform the foot shock memory using stimulation 
patterns known to induce LTD or LTP.   
In electrophysiology, LTD can be induced through low frequency stimulation or through 
chemical induction.  In vivo, LTD is induced through activation of NMDARs or mGluRs.  These 
glutamate receptors initiate signaling cascades via an intracellular flux of calcium ions through 
NMDARs or by activating G proteins.  There are several long-lasting postsynaptic molecular and 
structural changes that are associated with LTD, which are primarily initiated by these signaling 
cascades.  NMDARs are glutamate receptors that are unique due to their ability to act as 
coincident detectors14.  These receptors require both ligand activation by glutamate and 
depolarization of the postsynaptic membrane to be activated.  At rest, the ion channel of 
NMDARs is blocked by a magnesium ion. When the postsynaptic membrane is depolarized the 
magnesium ion will leave the pore and allow sodium and calcium ions to flow through the 
channel.  NMDARs are much more permeable to calcium compared to AMPARs, and thereby 
activate intracellular signaling pathways.  This unique mechanism allows NMDARs to open only 
under conditions in which there is ample signal to depolarize the postsynaptic membrane while 
the receptor is glutamate bound, resulting in intracellular calcium signaling at these synapses.  
mGluRs are G protein-couple receptors that are sensitive to glutamate15,16.  mGluR-dependent 
LTD is thus due to activation of typical G protein signaling pathways, which can cause long-
lasting changes to synaptic transmission. 
One type of postsynaptic response associated with LTD is a structural change in spine and 
dendrite morphology.  LTD induction by low frequency stimulation in live mice shows 
decreased dendritic length, decreased dendritic complexity, and decreased spine density using a 
Golgi-cox stain in cortical layers17.  A more detailed view of spine atrophy has been observed 
using time-lapsed 2-photon confocal microscopy18.  In this study, the decrease in spine length 
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was associated with cofilin activity.  This is one of several mechanisms associated with LTD that 
reverses effects observed under LTP-inducing conditions.  Rather than a decrease in spine 
length, LTP is associated by growth of filamentous actin and the formation of new spines19.    
The most commonly studied mechanism of LTD is a decrease in surface expression of 
AMPARs, as controlled changes in AMPARs provides a clear mechanism for altering efficacy of 
synaptic transmission.  AMPAR concentration at synapses decreases in response to low 
frequency stimulation and glutamate induction of LTD20.  Though some AMPARs are 
constitutively trafficked to and from the membrane, the rate of AMPAR clathrin-dependent 
endocytosis is increased during LTD19,21.  LTD-associated decreases in AMPAR membrane 
localization occurs first in extrasynaptic regions, followed by a decrease at the synapse22.  This 
supports the idea that there is lateral diffusion of receptors in the membrane, which can be 
stabilized at synapses.  Instead of endocytosis occurring directly at the synapse, it is believed that 
changes in extrasynaptic AMPAR concentration indirectly affect the concentration at the 
synapse.    
The protein-dense region at the synapse, which can be seen using electron microscopy, is 
termed the postsynaptic density (PSD).  Proteins in this region, along with actin filaments, 
control the localization and diffusion of receptors in the PSD.  PSD-95/DIgA/ZO-1 (PDZ) 
domain proteins are highly prevalent in this region as PDZ domains regulate protein-protein 
interactions as well as association to actin cytoskeleton10,23,24.  The most well-known PDZ 
protein is PSD-95, which through its three PDZ domains, directly interact with NMDARs24.  
There are several AMPAR associated PDZ proteins including stargazin, glutamate receptor 
interacting protein/AMPAR binding protein (GRIP/ABP), and PICK1.  These proteins are 
known to be involved in LTD based on overexpression and knockdown studies, however the 
precise mechanism of their action has not been determined.  The increase in calcium ion 
concentration and the activation of G proteins due to NMDAR and mGluR activation leads to 
signaling cascades that may regulate the interactions of PDZ proteins at synapses.  Activity of 
calcium/calmodulin-dependent protein kinase II and protein phosphatase I have been well 
studied in the regulation glutamate receptors and synaptic plasticity21,25.  Kinase and phosphatase 
activity is believed to be critical for the regulation of LTP and LTD due to their ability to alter 
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protein-protein interactions.  Overall, glutamate receptor trafficking and regulation is a process 
that is highly controlled by many proteins.  
 
1.3 Activity-regulated cytoskeleton-associated protein 
It is well known that protein translation is required for both LTP and LTD.  Application of 
protein translation inhibitors, such as cycloheximide, block these synaptic alterations26.  LTD is 
unique in that it is not blocked by transcription inhibitors21.  This implies that LTD relies on pre-
transcribed mRNAs.  There are several immediate early genes (IEGs) that are rapidly expressed 
in response to synaptic stimulation and are associated with learning and memory.  Activity-
regulated cytoskeleton-associated protein (Arc, also known as Arg3.1) is one such IEG that is 
primarily expressed in the brain27.  Spatial learning and memory tasks in Arc knockout mice 
show that Arc is required for long-term memory formation, while short-term memory tasks are 
not significantly impaired in knockout mice28.  Wild type aging mice with memory deficits have 
higher resting levels of Arc translation and lower levels of Arc degradation compared to aged-
matched control mice, which may indicate a role of Arc in age-related neurocognitive decline29. 
In humans, altered levels of Arc expression have been associated with Alzheimer’s disease30, 
schizophrenia31,32, Fragile-X syndrome33, Angelman’s syndrome34 and substance abuse35.  
Therefore, understanding the factors involved in Arc expression and its role in synaptic plasticity 
is important to understanding the mechanisms of these diseases.  
Gene expression and localization of Arc are tightly regulated processes that are controlled by 
neural activity.  Electrically induced seizures result in elevated Arc mRNA levels in mouse 
hippocampus within 30 minutes of stimulation27.  This increase was blocked by NMDAR 
inhibition.  Furthermore, introduction of mice to a novel environment increases dendritic Arc 
mRNA levels in select neurons36.  The newly transcribed Arc mRNA is trafficked to the regions 
of the dendrite that were stimulated37–40.  Arc expression levels are also translationally regulated.  
Glutamate stimulation of neurons expressing recombinant Arc indicate that new Arc is translated 
within 15 seconds of stimulation in dendrites, which indicates that Arc mRNA is likely primed 
on ribosomes near dendritic spines41.  The strict regulation of Arc expression and localization to 
regions of synaptic activity allow Arc to quickly alter synaptic transmission. 
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A primary role of Arc in AMPAR endocytosis is demonstrated by a decrease in AMPAR 
surface expression in neurons with overexpressed Arc42.  This is further supported by an increase 
in AMPARs in the plasma membrane of Arc knockout42 and RNAi-mediated Arc 
downregulation43 mouse models.  Arc is thought to accomplish this task by forming a complex 
with endocytic machinery, such as endophilin and dynamin44.  Endophilin is a Bin-
Amphiphysin-Rvs (BAR) domain protein that increases synaptic vesicle endocytosis by 
promoting membrane curvature.  Co-immunoprecipitation (co-IP) from cotransfected cells has 
demonstrated an interaction of Arc with endophilin isoforms 2 and 3 but not 1, which is 
primarily expressed in the forebrain44.  Dynamin polymerizes around the necks of budding 
vesicles and, through GTPase activity, pinches the vesicle away from the membrane. Co-IP has 
been used to demonstrate an interaction between Arc and dynamin at the PH domain44.  In vitro, 
Arc facilitates polymerization and enhances GTPase activity of dynamin 2 and 3, which is 
required for the pinchase activity of dynamin45.  This effect is not seen with the dynamin 1 
isoform, which is primarily expressed in the presynaptic region.  Together, these studies 
demonstrate a role of Arc in postsynaptic vesicle endocytosis whereby Arc facilitates endophilin 
curvature of the plasma membrane as well as polymerization and GTPase activity of dynamin.  
Arc expression is required for proper LTP, LTD, and homeostatic scaling.  Electrophysiology 
studies of Arc knockout mouse hippocampal slices show impaired LTP and LTD28.  
Interestingly, Arc overexpression does not increase endocytosis of all glutamate receptors but is 
specific to AMPARs42.  A molecular connection between Arc and AMPARs that explains this 
specificity has yet to be demonstrated.  One group has shown evidence of Arc interaction with 
TARPγ2 (Stargazin) through 3-dimensional molecular modeling and co-IP46.  However, this 
interaction was only demonstrated with a fragmented version of Arc.  Preliminary data from a 
collaboration with Joseph Albanesi (UTSW) showed evidence that Arc interacts with PICK1, a 
known AMPAR binding protein.  GST-Arc was expressed in E. coli and purified using 
glutathione agarose resin followed by Q sepharose chromatography.  When incubated with 
mouse neuronal lysates, PICK1 was found to pull-down with GST-Arc (figure 2).  Here we 
provide evidence of Arc interaction with PICK1, which is a known binding partner of AMPARs.  
This interaction could explain how Arc specifically facilitates AMPAR endocytosis in 
mechanisms of learning and memory. 
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1.4 Protein interacting with C kinase 1 
 PICK1 is the only known protein that contains both a BAR domain and a single PDZ 
domain47.  It also contains an N-terminal acidic domain and a C-terminal acidic domain which 
regulate the interaction of PICK1 with other proteins47.  It functions as a scaffolding protein that 
is widely expressed throughout the body but is primarily enriched in the brain and testis47.  Over 
40 proteins are known to interact with PICK148.  Recently, X-ray scattering has been used to 
show that PICK1 forms dimeric and higher-order self-assembly structures in solution through 
BAR-BAR association49.  The PDZ domain is attached to the BAR domain by a long linker 
region that allows the PDZ domain to be flexible with respect to the BAR domain48,49.   
 PICK1 has been shown to interact with the intracellular C-terminal domain of GluR2 and 
GluR3 AMPAR subunits50–52.  Studies indicate that this interaction is required for LTD as 
inhibition of this interaction blocks LTD11,53.  The PICK1/AMPAR interaction occurs between 
the PDZ domain of PICK153 and 10-C-terminal amino acids of short form alternatively spliced 
AMPAR subunits51.  This C-terminal tail is a conserved region that is known as the PDZ binding 
motif and also interacts with GRIP/ABP53.  This motif is phosphorylated at S880 by protein 
kinase C (PKC), which decreases GRIP/ABP association but does not affect PICK1 binding54.  
Thereby a proposed model exists in which GluR2 is bound to GRIP/ABP at rest and is not 
phosphorylated53.  Upon glutamate excitation of the postsynaptic neuron, PKC is activated by 
NMDARs or mGluRs.  PKC can be activated by calcium ions which enter the cell upon 
NMDAR activation55.  Alternatively, PKC can be activated by diacylglycerol and calcium ions 
through mGluRs that activate phospholipase C through a G protein associated pathway55.  PKC 
then phosphorylates the intracellular C-terminal tails of GluR2 to facilitate the release of 
GRIP/ABP and binding of PICK1 to the tail53.  This process is further enhanced by the binding 
of calcium ions to the N-terminal acidic tail of PICK1, which increases the affinity of PICK1 for 
GluR256–58. 
 Here we show evidence of Arc/PICK1 interaction in live human neuroblastoma cells using 
fluorescently tagged Arc and PICK1.  This interaction fills a hole in the current model of 
AMPAR internalization during LTD.  When PICK1 binds to AMPARs, Arc association with 
endocytic machinery could explain how AMPARs are selectively internalized.  
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Figure 1. General diagram of AMPAR subunit structure 
 
All subunits contain three membrane-spanning domains, a reentrance loop, an extracellular N-
terminal, an intracellular C terminal, and a glutamate binding region.  The flip/flop region and 
the length of the C terminal tail vary between subunits due to alternative splicing.   
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Figure 2.  Pull-down of PICK1 from mouse neuronal lysate 
 
Purified GST-Arc was incubated with mouse neuronal lysate and pulled down using glutathione 
agarose. Western blot using PICK1 specific antibody demonstrates that PICK1 can be 
coprecipitated with Arc.   
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CHAPTER 2. MATERIALS AND METHODS 
 
2.1 What is fluorescence? 
Certain atomic elements and molecules are capable of absorbing electromagnetic energy to 
transition to an excited electronic level59.  Some molecules can release this excited state energy 
in the form of fluorescence upon transitioning to the ground state.  The observation of 
fluorescence has come a long way since it was first described in 1565 by Nicolas Monardes 
when he observed a bluish emission after Lignum nephriticum was placed in water and excited 
by sunlight59,60.  The compound from this wood that is responsible for the observed fluorescence 
has a four ring structure60.  The conjugated ring in this structure, as with most fluorescent 
compounds, decreased the energy required to excite the π electron to the π* orbital59,60.  
According to the Franck-Condon principle, this change in electronic state occurs very fast in 
comparison to changes in bond configuration, therefore the molecule retains its original 
bonding59.  As shown in the Perrin-Jabloński diagram of electronic energy (figure 3), vibrational 
relaxation and internal conversion occurs when an electron is excited above the lowest 
vibrational level, S159,60.  Therefore, photon emission (fluorescence) almost always occurs during 
the S1 to S0 relaxation and is not affected by the excitation wavelength59,60.  Absorption, 
vibrational relaxation, and internal conversion all occur quickly, on the order of 10-12 seconds or 
shorter59.  However, interactions with the solvent or matrix and the structural arrangements of 
fluorophores will have a significant effect on how long the electron will remain in the S1 state 
before returning to the ground state, termed the fluorescence lifetime.  Lifetime is an intrinsic 
property of a particular fluorophore and is on the timescale of picoseconds to nanoseconds.  Our 
understanding of fluorescence has greatly improved in the past few centuries and the 
development of new technologies has allowed us to utilize fluorescence in the study of biological 
processes down to the nanometer scale.  
 
2.2 Confocal and total internal reflection fluorescence microscopy 
There are a large number of methods one can use to record fluorescence emission.  
Traditionally, fluorescence parameters, such as steady-state emission, polarization, and lifetime 
of pure fluorescent molecules are recorded in a Quartz cuvette using a fluorimeter59.   These 
methods gather measurements from a solution of several hundred microliters to several milliliters 
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and therefore yield an average of the sample.  To examine the inner working of proteins in live 
cells using fluorescence one must generate detection volumes in the submicrometer range.  Laser 
microscopy has emerged as a powerful method to generate small volumes to investigate protein 
dynamics in cells.  Confocal and total internal reflection fluorescence (TIRF) microscopy are 
complimentary methods that allow for selected excitation of the cell interior or one surface of the 
plasma membrane, respectively. 
The confocal microscope was first invented in 1955 by Marvin Minsky with the hope of 
more clearly imaging neural networks by decreasing the effect of out of focus light61,62.  Images 
from an epifluorescence microscope are blurred, making fine structures difficult to resolve.  
Minsky’s original design used two separate objectives for excitation and emission and the light 
source and detection was limited by the use of pinholes61.  This greatly decreases the excitation 
and detection volume to a focused spot rather than an entire cell.  Therefore Minsky designed a 
moving stage so that the cell is moved over the excitation volume.  A complete image is then 
pieced back together through computer software.  Today, most confocal microscopes are laser 
scanning so that the excitation beam is moved over the sample rather than moving the stage.  
This provides a more precise method that is less sensitive to vibration. 
While confocal microscopy is the superior method to image the cytosol of a cell with high 
resolution, TIRF microscopy is a specialized technique to study the dynamics near the plasma 
membrane.  This is accomplished by aiming the excitation laser with a high incident angle on the 
coverslip63–66.  When the laser reaches the cell (low refractive index), the laser will be reflected 
back through the glass coverslip (high refractive index).  An evanescent wave of light will 
penetrate the sample within less than 100 nanometers above the coverslip.  Therefore in cells 
only the molecules near or in the plasma membrane closest to the laser will be excited.   
 
2.3 Multiphoton excitation 
Multiphoton excitation was first described in 1931 by Maria Göppert-Mayer in her doctoral 
thesis59,67.  This method requires two or more photons, at approximately twice the wavelength 
(half the energy) required for one-photon excitation, to be nearly simultaneously absorbed by the 
fluorophore to bring about an electronic transition (figure 3).  Exciting the sample in this manner 
has several benefits over the relatively inexpensive one-photon confocal microscopy.  This 
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method is inherently confocal without the use of pinholes as the concentration of photons to 
adequately excite the sample is high enough only at the focal point.  As the distance from the 
focal point increases, the intensity is decreased by the distance squared68.  Therefore, out of focus 
light is also eliminated yielding a much clearer image59,69.  Live cell imaging always comes with 
the risk of generating light-induced reactive oxygen species and photobleaching70.  Both 
processes can affect the quality of the images collected, however they are reduced when using 
multiphoton excitation.  In addition, the high wavelength used reduces light-scattering and 
allows the beam to penetrate thick samples69. 
Two-Photon confocal microscopy requires a high concentration of photons at the focal point 
at the same time to increase the probability that two photons will be absorbed.  Typical systems 
accomplish this with a titanium:sapphire laser which has the ability to produce pulsed light with 
high power in the 700 – 1000 nm range59,69.  Overall, the pulsed nature of the excitation yields a 
low average power to the sample.  The development of instrumentation that is able to excite and 
detect fluorescence has enabled the development of new techniques to quantify its properties.  
 
2.4 Fluorescence fluctuation spectroscopy 
As fluorophores move into and out of the excitation volume of a microscope, the detected 
intensity signal will fluctuate (figure 4A).  In a steady-state system, such as a fluorimeter, the 
excitation volume is too large to observe these fluctuations.  However, confocal and TIRF optical 
arrangements are able to record these events.  These fluctuations, particularly when collected 
with a low fluorophore concentration, can be quantified to reveal useful information about the 
sample.  Fluorescence correlation spectroscopy (FCS) uses the temporal aspect of the fluctuation 
signal to calculate the concentration and diffusion values.  The rate of diffusion of the fluorescent 
compound can be extracted using an autocorrelation function given by  
  𝐺(𝜏) =  !!" ! !" !!! !!!(!)!!  
 
where G(τ) is the autocorrelation function, <F(t)>  is the average intensity, and δF(t) is the 
difference from the average intensity (δF(t) = F(t) - <F(t)>)59,71.  This is calculated over the data 
(2.1) 	
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set to yield an autocorrelation function (figure 4B).  In this function, the fluorescence intensity 
signal is correlated with itself at a later time point, τ.  Therefore correlation is higher at lower 
values of τ and the signals become less correlated as τ increases.  This gives the autocorrelation 
function the distinctive shape seen in figure 4B.  Logically, slower diffusing fluorescent 
compounds will remain correlated over a larger range of τ values due to the persistence of the 
molecule within the excitation volume.  In this instance, a shift of the autocorrelation function to 
the right can be observed (figure 4B).  Therefore, the rate of diffusion can be acquired from the 
autocorrelation function, given knowledge of the excitation volume (commonly called the point 
spread function).  When applied to a biological system, a change in the rate of diffusion of a 
fluorophore can be used to detect an interaction between the fluorophore, or fluorescently tagged 
molecule, and another molecule or biological structure. 
In the autocorrelation function when τ is equal to zero the equation can be reduced to the 
square of deviation from the average over the average squared for the data set.  This value is 
proportional to the number of molecules in the detection (N) volume following equation 2.271. 
 𝐺 0 =  !! 
 
By knowing the detection volume, the concentration of fluorophores in the sample can be 
determined.  This can be applied to samples in solution as well as to live cells.  Methods in 
fluorescence fluctuation spectroscopy (FFS), and which use fluctuations in an intensity signal to 
characterize the dynamics of fluorophores, have advanced with the advent of new 
instrumentation to collect data and software for analysis. 
 
2.5 Raster image correlation spectroscopy 
FCS is a single point method and can only determine the rate of diffusion of fluorescent 
molecules at one point.  Therefore, one would need to collect data at several points to determine 
how fluorescent molecules move within different areas under non-homogeneous settings, such as 
the interior of a cell.  A number of methods have been developed to provide spatial information 
of molecule diffusion within a cell72.  The raster image correlation spectroscopy (RICS) method 
was developed to isolate diffusion and sample concentration over an image rather than at a single 
(2.2)	
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point, allowing more spatial information to be gathered from a system such as live cells73.  RICS 
was first developed and described by Enrico Gratton’s laboratory (Laboratory for Fluorescence 
Dynamics, UCI) in 200574.  RICS analysis is applied to a raster scanned image collected using a 
laser scanning microscope.  In this type of scanning, the top row is collected left to right.  The 
laser then retraces to the left and collects the second row.  Once the full region of interest is 
collected, the laser will return to the top left corner to collect a new frame.  RICS takes 
advantage of the inherent time and position properties of an image collected in this manner.  
Depending on the pixel dwell time, the pixel to pixel time is on the order of microseconds and 
the line to line time is on the order of milliseconds.  Therefore, RICS can detect fast moving 
particles as well as slow moving particles.  During RICS analysis, the first step is subtraction of 
the moving average, which will remove the signal that is due to immobile or slow moving 
fluorophores73.  By subtracting the moving average, this method can better be applied to cells 
that frequently move on the cell culture dish.  Then correlation functions are applied to each 
frame as follows 
 𝐺!"#$ 𝜉,𝛹 = < 𝐼 𝑥,𝑦 𝐼 𝑥 + 𝜉,𝑦 +𝛹 >< 𝐼 𝑥,𝑦 >!  − 1 
 
where I is the intensity at the stated pixel, ξ is the spatial increment in the x direction, Ψ is spatial 
increment in the y direction, and the brackets represent the average over all pixels in the image74.  
For each frame, the correlation is conducted for each possible pixel and spatial increment.  The 
values from each frame are then compiled and averaged.  Multiple frames are used to improve 
the signal-to-noise ratio and as a reference for the average subtraction73.  For a non-homogenous 
sample, such as protein aggregates in cells, RICS can be separately conducted in regions that 
contain aggregates and regions that do not contain aggregates.  In this manner, RICS can be used 
to more fully understand the dynamics of a complex system.  
The correlation method used in RICS has been expanded to cross-correlation RICS (ccRICS) 
in which the signal in one channel is compared to the signal from a second channel rather than 
being correlated with itself.  By doing so, the simultaneous movement of two different 
fluorophores that are acquired by separate detectors can be compared according to 
(2.3)	
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 𝐺!!"#$% 𝜉,𝛹 =  < 𝐼! 𝑥,𝑦 𝐼! 𝑥 + 𝜉,𝑦 +𝛹 >< 𝐼! 𝑥,𝑦 >< 𝐼! 𝑥,𝑦 >  −  1 
 
where I1 is the intensity collected through the first detector and I2 is the intensity collected by the 
second detector75. The correlation is then due to fluorescence fluctuation intensity signals that 
move together in both channels, rather than due to the detection of the same particle at different 
spatial and temporal locations.  If the two fluorescent particles are moving together, this provides 
strong evidence that the compounds are interacting in some way.  ccRICS has obvious 
applications to biological applications, particularly protein-protein interaction.  
 
2.6 Brightness analysis 
One limitation of FCS and RICS analysis is that the raw data is reduced and fluctuations are 
only examined in the time domain.  Diffusion is determined by the size and interaction of the 
fluorophore with its environment.  For a sample in solution, the size of the particle is associated 
with its diffusion by the Stokes-Einstein-Sutherland equation72.  Accordingly, a change in 
oligomerization state from a monomer to a dimer changes the diffusion by only a factor of 
1.2676, which makes detecting changes in fluorophore association by diffusion difficult.  
Determining the oligomerization state through diffusion measurements is even more difficult in 
cells as the diffusion of molecules in the complex environment of living cells is greatly 
decreased72.  This raises the question of how to quantify monomer/dimer equilibriums.  To 
determine this one turns to examining the intensity fluctuation rather than the time domain.  In 
1999 two groups independently reported FFS methods extracting molecular brightness and 
number of molecules as a means to determine the oligomerization state of a fluorescent 
molecule71,77,78.  For the purpose of this thesis we will be using the terminology from the Gratton 
group, i.e. Photon Counting Histogram (PCH).  An intensity data stream is collected in a single 
location for a fixed amount of time with a fixed sampling frequency.  Each intensity 
measurement is plotted into a histogram.  The shape of the histogram is fit to a mathematical 
model based on a number of molecules in the excitation volume (N) and a brightness (B) value 
in counts per second per molecule (cpsm) (figure 5).  Logically, an aggregate will have more 
(2.4)	
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counts per molecule compared to a monomer.  As this aggregate moves into or out of the 
detection volume, a larger intensity fluctuation from the average will occur compared to 
compared to the movement of a monomer.  This will cause the shape of the histogram to widen 
as the variance in the data set has increased.  Therefore a wider histogram is attributed to a 
higher oligomerization state.   
PCH is a statistically rigorous method that requires a long data stream to accurately 
determine the oligomerization state and number of molecules in the detection volume and is 
therefore applied to a single detection volume.  Typically a 3 – 5 minute fluorescence intensity 
signal is collected for a single point.  This works well for a homogenous solution, however when 
applied to live cells, it provides very limited information about the complexity of cell that is 
reduced to one or two brightness values for each cell.  Brightness analysis has since been 
expanded to a set of images through number and brightness (N&B) analysis79,80.  This method is 
applied to a set of images of a cell acquired by confocal or TIRF microscopy.  The time required 
for data collection greatly depends on the number of frames collected and the speed at which 
each image is generated.  N&B can be applied to an entire cell because the brightness can be 
determined directly from the intensity data.  The N and B values determined for each pixel of the 
image are calculated based on the equations derived and published by Enrico Gratton’s 
laboratory (Laboratory for Fluorescence Dynamics, UCI)79.   
 𝑁 =  < 𝑘 >!𝜎! =  𝜀𝑛𝜀 + 1 
 𝐵 =  < 𝑘 >𝑁 =  𝜎!< 𝑘 > =  𝜀 + 1 
 
where <k> is the average intensity, σ2 is the variance of the intensity, N is the apparent number 
of molecules, B is the apparent brightness, n is the number of particles in the detection volume, 
and ε is the molecular brightness.  Using Globals for Images (SimFCS software from the 
Laboratory for Fluorescence Dynamics) N&B analysis not only allows a simple quantification of 
the oligomerization state in the cell but provides a pixel-by-pixel spatial distribution of the B 
(2.5)	
(2.6)	
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values.  The localization of various oligomerization states throughout a cell can be determined to 
give the user more information about the fluorophore dynamics in the cell.  This method can 
easily be paired with fluorescently tagged proteins in live cells to determine protein dynamics 
and stoichiometries of protein complexes.  This is particularly useful to study proteins that are 
active as oligomeric compounds.  
N&B analysis can be combined with TIRF microscopy to determine protein self-association 
state at the plasma membrane81.  The N&B equations have been adjusted for use with analog 
detection to subtract noise in the signal originating from an electron-multiplied charge-coupled 
device (EMCCD) camera: 
 𝑁 =  (!!! !!""#$%)!!!!!!!  
 𝐵 =  !!!!!!!!! !!""#$% 
 
where offset is the intensity associated with the camera when the laser is off (dark counts) and σ02 
is the variance of this intensity81.   
 
2.7 Fluorescence lifetime and phasor plots 
The fluorescence lifetime is the amount of time that an electron of a fluorophore stays in the 
excited state, S1, before returning to the ground state and causing the release of a photon in the 
form of light.  This lifetime can vary from picoseconds to hundreds of nanoseconds depending 
on the fluorophore.  There are two methods commonly used to determine the lifetime of a 
fluorophore: the time domain and the frequency domain.  Typically these methods are used to 
study a population of molecules rather than a single molecule as the lifetime of a single 
fluorophore can vary from excitation to excitation but a population of fluorophores will have a 
characteristic lifetime.   
The time domain or impulse response approach uses a short pulse of light, shorter than the 
lifetime, to excite the sample and records the subsequent intensity59.  The intensity over time will 
follow an exponential decay82.  The lifetime, τ, is the time at which the emission intensity 
(2.7)	
(2.8)	
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decreases to 1/e of the maximum emission intensity.  Fluorophores can have simple decay 
kinetics (single exponential decay), however, it is very common for fluorophores to contain 
complex decay kinetics (multi-exponential decay).  These complex decay patterns are often 
characterized by the sum of the single exponential contributions to the emission.   
The second method used to determine lifetime is the frequency domain or harmonic response 
approach.  This technique was first successfully used by Enrique Gaviola in 1926 to determine 
the lifetime of rhodamine and fluorescein59,83 and evolved to its modern incarnation by Weber, 
Spencer, and Gratton84–86.  Sinusoidally modulated light is used to excite the sample and the 
resulting fluorescence intensity is measured.  The emission intensity has the same frequency but 
is shifted in time and demodulated (lower intensity)83.  The equations used to derive the lifetime 
were first described by F. Dushinsky in 193359: 
 
  𝛷 =  arctan (𝜔𝜏!) 
 𝑀 =  !"!" !"#$$#%&!"!" !"#$%&%$'( 
 𝑀 =  !!!(!!!)! 
 
where Φ is the phase delay, ω is the angular frequency (2πƒ, where ƒ is the linear modulation 
frequency), AC is the difference between the emission intensity and the average intensity, DC is 
the average intensity, and M is the relative modulation.  A different phase lifetime, τP, and 
modulation lifetime, τM, can therefore be calculated for a sample.  For a sample with simple 
decay kinetics the phase lifetime and modulation lifetime will be equal.  These measurements 
may be conducted over multiple frequencies in order to parse out the separate lifetimes that 
contribute to a sample when the fluorophore shows complex decay kinetics87.  The phase delay 
and modulation are plotted against several excitation frequencies.  These data are then fit to a 
model to determine the lifetime components involved.   
(2.9)	
(2.11)	
(2.10)	
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More recently, the phasor plot method has been used to represent the data and gather 
information about the lifetimes that contribute to a sample without having to fit the data to a 
model.  Phasor plots are a way to present the data so that it is easier to see the lifetime 
components and the trajectory of lifetime values in response to changes in sample components.  
In 1981, Gregorio Weber, who was instrumental in advancing fluorescence methodologies, 
derived the two equations used in phasor plot analysis84. 
 𝑆 = 𝑀𝑠𝑖𝑛𝜃 
 𝐺 = 𝑀𝑐𝑜𝑠𝜃 
 
The phasor plot is constructed in which the lifetime measurement is depicted as a vector on an x-
y axis with G as the x-axis and S as the y-axis (figure 6).  Here the angle between the x-axis and 
the vector is the phase delay and the length of the vector is M83,88,89.  A semi-circle with a radius 
of 0.5 with its center at (0.5,0) is designated the universal circle.  Lifetime measurements will 
only fall on the universal circle if they have a single exponential lifetime.  Any other lifetime 
measurements will fall inside the universal circle.  In this way, phasor plots represent an easy 
method to determine if a sample has more than one lifetime component.   
 
2.8 Förster resonance energy transfer  
More recently, phasor plots have been applied to the study of fluorescence lifetime imaging 
microscopy (FLIM) and Förster resonance energy transfer (FRET)88.  FLIM is fluorescence 
lifetime applied to an image so that spatial information can be gathered.  When converted to a 
phasor plot, a distribution of pixels on the phasor plot can be visualized with each pixel 
corresponding to a pixel of the image.  Using the Globals for Images software (Laboratory for 
Fluorescence Dynamics) a cursor may be moved over the phasor plot so that the regions of the 
image with the corresponding lifetime can be easily visualized.  This method is particularly 
useful in cells so that the spatial location of species with different lifetimes can easily be 
determined.  Also, the raw data is used to produce the phasor plot so it requires significantly less 
photons to accurately describe the kinetics within the cell.   
(2.12)	
(2.13)	
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FRET was named after Theodor Förster who published seminal articles on the topic in 
194690,91, though energy transfer was originally observed in the 1920s through polarization 
studies59.  Since this time, our understanding and use of FRET have greatly advanced.  A donor 
molecule whose fluorescence emission wavelengths overlap with that of the acceptor absorbance 
is required87.  If the donor and acceptor are in close enough proximity and their dipoles are 
appropriately aligned, then the donor can transfer excited energy to an acceptor59,92.  The energy 
transfer is a nonradiative process such that a photon is not emitted but rather vibrational energy is 
transferred from the excited donor to the acceptor molecule, as shown in the Perrin-Jabloński 
diagram of resonance energy transfer (figure 7).  The distance required for energy transfer to 
occur is typically within 10 – 100 Å, however the exact distance required varies between each 
donor-acceptor pair87.  For an EGFP-mCherry donor-acceptor pair, this distance is reported as 
52.4 Å93.  Therefore, observation of FRET provides strong evidence that a protein complex 
between the acceptor and donor has formed88.  Due to the distance and orientation required for 
FRET, however, the absence of energy transfer does not establish that two molecules do not 
interact.  
There are two popular methods used to determine FRET, steady-state intensity and the time-
resolved method.  Steady-state intensity is based on changes of the fluorescence intensity of the 
donor molecule. A decrease in intensity would indicate that some of the energy absorbed by the 
donor is no longer being lost through photon emission in the presence of the acceptor.  Though 
the instrumentation required for this method may be more accessible, and this is the most 
commonly used method to measure FRET, the emission intensity will be dependent on the 
concentration of the molecules and the excitation power.  The second approach, the time-
resolved method, avoids this constraint by relying on fluorescence lifetime measurements.  
Fluorescence lifetime is an intrinsic property of the fluorophore and will not vary with 
concentration.  When FRET occurs, a decrease in the fluorescence lifetime of the donor will be 
observed88.  When measured in cells, the lifetime of the fluorophore will move from the donor 
lifetime toward a location in the circle that is consistent with the lifetime of cellular 
autofluorescence.  As the efficiency of energy transfer increases, the points will move closer to 
the autofluorescence lifetime.  FRET is a useful approach to determine molecular interactions 
due to the close proximity required for energy transfer to occur.  When combined with methods 
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such as FLIM and phasor plot representation, FRET can easily be used as evidence of spatial 
location of interaction in a dynamic cell system.  
 
2.9 Materials and methods 
 
Cell Culture and Transfection 
SH-SY5Y cells (ATCC®), bone marrow derived human neuroblastoma cells, were cultured 
in phenol red-free DMEM F12 (Gibco™) containing 15mM HEPES, 1.5mM sodium pyruvate, 
1x Antibiotic-Antimycotic and 20% FBS (ATCC®) in tissue culture-treated T75 flasks 
(Corning™) at 37°C, 5% CO2.  Cells were lifted with a 0.08% solution of trypsin-
ethylenediaminetetracetic acid solution in PBS.  Cells were plated onto uncoated 10mm glass 
bottom dishes (MatTek) and transfected with Lipofectamine™ 3000 (Invitrogen™) following 
the manufacturer’s protocol with 0.2-1.5µg DNA per plasmid per dish. Arc and PICK1 plasmids 
were kindly provided by Dr. Joseph Albanesi (UTSW).  A mouse variant of Arc was ligated to 
mCherry at the C terminus.  A human variant of PICK1 was ligated to EGFP at the N terminus. 
For depolarization studies, cells were washed in PBS and imaged in either depolarizing buffer 
(42mM NaCl, 100mM KCl, 0.6mM MgSO4!7H2O, 2.5mM CaCl2, 6mM D-glucose, 10mM 
HEPES, pH 7.4) or nondepolarizing buffer (135mM NaCl, 5mM KCl, 0.6mM MgSO4!7H2O, 
2.5mM CaCl2, 6mM D-glucose, 10mM HEPES, pH 7.4) after 15 minute incubation. 
 
Two-photon confocal imaging 
FFS measurements were recorded on an Alba fluorescence correlation spectrometer (ISS, 
Champaign, IL), equipped with x-y scanning mirror, connected to a Nikon TE2000-U inverted 
microscope (Nikon, Melville, NY) with a PlanApo VC 60 x 1.2 NA water objective.  Two-
photon excitation of enhanced green fluorescent protein (EGFP)-PICK1 and mCherry-Arc was 
provided by a Chameleon Ultra (Coherent, Santa Clara, CA) tuned to 1000 nm.  Fluorescence 
emission was spectrally filtered through a 680 nm short-pass filter (FF01-680; Semrock, 
Rochester, NY) and dichroic mirror (700dcxru, Chroma, Bellows Falls, VT) with intensity of 
EGFP and mCherry collected on individual PMTs.  Cells were imaged in a humidified enclosed 
chamber kept at 37ºC (Tokai Hit, Fujinomiya, Sizuoka, Japan).  An objective heater wrapped 
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round the neck of the objective was used to minimize temperature drifts (with a 20 minute delay 
to equilibrate the temperature prior to imaging) and the collar of the objective was adjusted to 
compensate for temperature and thickness of the coverslip.   
RICS was used to examine the protein dynamics in live cells.  Briefly, 12.8 micron (50 nm 
pixels) regions of interest were selected from the fluorescence image.  The pixel sampling time 
was 12.5 µs, each frame had 256 x 256 pixels, and each measurement lasted ~ 1 min (100 
frames).  The laser power at the sample was < 1 mW.  The beam waist (ω0) calibration was 
achieved by measuring the autocorrelation curve of fluorescein (~ 20 nM) in 0.01 M NaOH, and 
fitted with a diffusion rate of 430 µm2/sec, which were performed before each day’s 
measurement.  The typical values of ω0 were at the range of 0.35 – 0.4 µm.  
For the PCH measurement, the laser excitation point was selected in a region of the cytosol 
away from the nucleus and plasma membrane.  Intensity fluctuations were recorded for ~ 4 
minutes with sampling rate of 50,000 Hz.  Monomer brightness of EGFP is obtained by 
averaging cells transfected with monomeric EGFP at various protein concentrations.  Brightness 
values were calculated using Vinci software with incorporation of the dead-time of the detectors 
(50 ns).   
FLIM measurements were recorded through an ISS A320 FastFLIM box coupled to the 
Ti:Sapphire laser, which produces 80-fs pulses at a repetition rate of 80 MHz, and photo 
multiplier detector (H7422P-40, Hamamastu, Hamamastu City, Japan).  EGFP was excited at 
920 nm and the fluorescence signal was filtered away from excitation light through a 520 nm 
bandpass filter (FF01-520/35; Semrock Rochester, NY) mounted in front of the detector.  
  
TIRF imaging 
Images were recorded on a Nikon Eclipse Ti Total Internal Reflection Fluorescence 
microscope using a 60 x 1.45 NA oil objective.  A cascade 512B EMCCD camera (Photometrics, 
Tucson, Az) equipped with a dual view image splitter was used to image EGFP and mCherry at 
100 frames/s.  Both proteins were excited simultaneously at 488 nm for EGFP and 543 nm for 
mCherry using a triple band excitation filter (405/488/594 nm; Chroma, Bellows Falls, VT) 
within the infinity space.  
Data Analysis 
	
23	
PCH was analyzed using VistaVision software (ISS). RICS, N&B, and FRET were analyzed 
using Globals for Images (SimFCS software from the Laboratory for Fluorescence Dynamics). 
Comparison between groups was carried out using multivariate ANOVA using Bonferroni post-
hoc.  Statistical significance was accepted when p<0.05.  Statistical analyses were performed 
using SAS University software.  
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Figure 3. Perrin-Jabloński diagram depicting electronic transitions 
 
For one-photon excitation (left) the absorption of a photon excites an electron from the ground 
state (S0) to the excited state (S1 or S2).  Vibrational relaxation and internal conversion rapidly 
bring the electron to the S1 state. The electron then returns to the ground state by non-radiative 
decay or through the release of a photon (fluorescence).  Alternatively two-photon excitation 
(right) requires two photons of half the energy to excite the electron near simultaneously to bring 
it to an excited state. 
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Figure 4. Autocorrelation function determination of diffusion 
 
A. Fluorescence intensity data simulated using SimFCS showing fluorescence fluctuations.  B. 
Autocorrelation function of simulated data with a diffusion rate of 430 µm2/s and 100 µm2/s, 
shows the difference in the autocorrelation function due to the rate of diffusion.  At a slower rate 
of diffusion, the curve shifts to the right. 
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Figure 5. Photon counting histogram 
 
A histogram of data simulated using SimFCS for a sample of molecules with a brightness of 
200k cpsm and 400k cpsm.  With a higher brightness value, the histogram broadens due to larger 
fluctuations in the data stream. 
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Figure 6. Phasor plot 
 
Phasor plot depicting the universal circle and a vector representing a single-exponential lifetime.  
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Figure 7. Perrin-Jabloński diagram of energy transfer  
 
Energy transfer can occur from an excited donor to an acceptor molecule. If the acceptor is a 
fluorophore, it can fluoresce when returning to the ground state. Otherwise the excited electron 
will return to the ground state by non-radiative means.  
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CHAPTER 3. Results 
 
3.1 Arc/PICK1 dynamics in the cytosol 
 
In order to characterize the dynamics of Arc and PICK1 in live cells, we transfected SH-
SY5Y cells with recombinant Arc-mCherry and EGFP-PICK1.  Cells were single and 
cotransfected so that the protein dynamics could be compared when both proteins were present 
as evidence that the two proteins are associated.  SH-SY5Y cells were also cotransfected with 
Arc-mCherry + EGFP or EGFP-PICK1 + mCherry to establish that an interaction between the 
protein of interest and the fluorescent tag was not occurring.  PCH is a method used to determine 
fluorophore concentration and brightness in the cytosol94.  Brightness is the counts per second 
per molecule in the sample, therefore when normalized to a monomeric standard represents 
average oligomerization state of the tagged protein.  The brightness of Arc-mCherry in single 
transfected cells is not significantly different from that of Arc-mCherry cotransfected with 
EGFP, indicating that the presence of EGFP is not significantly affecting the brightness of Arc-
mCherry (figure 8).  In the presence of EGFP-PICK1, however, Arc-mCherry brightness is 
significantly increased compared to Arc-mCherry alone and trending toward significance 
compared to Arc-mCherry + EGFP (figure 8).  Arc exists as a monomer alone and with EGFP 
but increases to an average normalized brightness of 1.37 in the presence of PICK1.  The 
brightness of Arc-mCherry in the cytosol is relatively constant over a range of concentrations 
(figure 9).  Therefore, the presence of PICK1 increases the self-association state of Arc.  The 
oligomerization state of EGFP-PICK1 is between a monomer and a dimer and is not affected by 
cotransfection with Arc (figure 10) or concentration (figure 11).  
In order to determine if Arc or PICK1 associate with large structures in the cytosol, we 
performed RICS on the single and cotransfected cells.  RICS analysis gives the rate of diffusion 
and concentration of the fluorescent molecule73.  If the proteins interact with cellular 
components, a decrease in the rate of diffusion will be observed.  As expected, Arc-mCherry 
diffuses significantly slower than mCherry alone (figure 12).  The diffusion of Arc-mCherry is 
not affected by cotransfection with EGFP or EGFP-PICK1 and does not show a clear trend in 
regard to concentration (figure 12 and figure 13).  The diffusion of EGFP-PICK1 is also slower 
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than EGFP alone but is not affected by cotransfection with mCherry or Arc-mCherry (figure 14). 
EGFP-PICK1 diffusion in not affected by concentration (figure 15). 
RICS signals can be cross-correlated between channels which allows us to determine if two 
fluorescent molecules are moving together and the diffusion of these molecules95.  Two 
molecules moving together provides strong evidence that they are associated in some way.  
When cotransfected, Arc-mCherry and EGFP-PICK1 cross-correlate indicating that they are 
associated with each other in a complex in the cytosol.  These complexes do not diffuse at a 
significantly different rate compared to Arc-mCherry or EGFP-PICK1 alone (figure 16).  As a 
control, we cross-correlated the cells cotransfected with the secondary fluorescent protein (i.e. 
Arc-mCherry with EGFP and vice versa).  We were not able to detect cross-correlation in these 
cells, indicating that the fluorescent tags are not causing the association.  
 
3.2 Arc interacts with PICK1 
 
To further support the evidence indicating that Arc associates with PICK1, we used FLIM to 
determine if we could observe FRET between EGFP-PICK1 and Arc-mCherry.  For EGFP and 
mCherry the Förster critical distance has been reported as 52 Å at which 50% of the excitation 
energy will transfer from EGFP to mCherry93. FRET may occur if EGFP and mCherry are in 
very close proximity and in the proper orientation59.  Therefore observation of FRET provides 
strong evidence that the two proteins are interacting.  We used FLIM to determine if we could 
observe FRET from EGFP-PICK1 to Arc-mCherry.  There was no significant difference in the 
average lifetime of EGFP-PICK1, which was consistent with the lifetime of EGFP alone (figure 
17).  The average lifetime for each cell was determined by averaging the τP with the τM for the 
center of the pixel distribution.  Notably, the range of lifetime values for the cells cotransfected 
with EGFP-PICK1 and Arc-mCherry is larger than the range of the other groups.  There were 
several cells in this condition with lower lifetime values that is likely due to FRET.  It was 
interesting that a subset of the cotransfected cells had a lower lifetime while the majority of cells 
had a typical lifetime for EGFP.  We wanted to determine what conditions could be causing Arc 
and PICK1 to interact more in some of the cells.  
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Chemical induction of LTD by glutamate is a commonly used technique.  Addition of KCl to 
live cells is also frequently used to depolarize neuronal cells and has been shown to activate 
similar pathways as glutamate through NMDA receptor dependent processes96,97.  In order to 
determine if Arc/PICK1 interaction is increased in LTD-inducing conditions, we incubated 
cotransfected cells in nondepolarizing buffer (low KCl) or depolarizing buffer (high KCl) prior 
to FLIM.  The depolarizing buffer did not affect the lifetime of EGFP in life cells (Table 1).  
Two of ten cells transfected with EGFP-PICK1 alone had a set of pixels consistent with the 
lifetime of EGFP and second set of pixels with a lower lifetime.  However, the pixels that were 
associated with the lower lifetime were distant from the cell and therefore did not appear to be 
originating from within the cell.  Eighty percent of the cells that were cotransfected with EGFP-
PICK1 and Arc-mCherry under nondepolarizing conditions had a single lifetime consistent with 
the lifetime of EGFP (figure 18).  Additionally, twenty percent of the cells had a second set of 
pixels near or connected to the cell that exhibited a lower lifetime (Table 1).  These pixels 
appeared to be in the projections of the neuronal-like cell, which would be biologically relevant 
to native dendritic activity of Arc.  FRET was even more evident in the cotransfected cells that 
were depolarized as 12 of 17 cells had a second lower lifetime (Table 1).  The second lifetime 
also appeared to exist in a projection of the cells (figure 19).  This shows that depolarization 
contributes to the interaction of Arc and PICK1, which logically connects a mechanism from 
depolarization to AMPAR internalization through Arc/PICK1 association. 
 
3.3 Arc/PICK1 brightness on the plasma membrane 
 
Arc and PICK1 are associated with endocytosis of AMPARs35,47, therefore we wanted to 
study the dynamics of these proteins at the plasma membrane.  We used TIRF with N&B 
analysis to determine the molecular brightness at the membrane.  N&B is used to determine the 
number of molecules in the excitation volume (N) and the brightness of the molecules at each 
pixel of a cell image98.  As in PCH, when the brightness is normalized to a monomeric standard 
the value represents the average oligomerization state of the protein.  We quantified the number 
of pixels that were associated with a monomer, dimer, of higher order brightness.  For Arc-
mCherry, there was no significant difference when co-transfected with EGFP-PICK1, with the 
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majority of pixels associated with a normalized brightness value between a monomer-dimer 
(1.49 ± 0.2). The median brightness for each cell shows a slight positive association with 
concentration (figure 21).  At the membrane, EGFP-PICK1 has a median brightness value of a 
dimer (figure 22), which agrees with previous studies of PICK1 structure and function49,99.  
EGFP-PICK1 median normalized brightness was significantly higher than that of EGFP-PICK1 
+ mCherry or EGFP-PICK1 + Arc-mCherry (figure 22).  However, none of the previous 
experiments indicated an effect of mCherry on EGFP-PICK1.  There is no clear trend with 
concentration (figure 23).  We think that the brightness difference may be due to the complexity 
of the cellular system and the overexpression of other proteins might mitigate fluctuations 
associated with higher order self-associations states of EGFP-PICK1 (such as tetramers).   
Additionally, N&B analysis is not able to provide meaningful results on non-fluctuating 
structures such as endocytic puncta.  We visually observed a difference in the presence of puncta 
at the membrane.  Arc-mCherry alone typically forms large puncta on the membrane while 
EGFP-PICK1 does not (figure 24).  However when coexpressed Arc-mCherry and EGFP-PICK1 
formed large spots on the membrane that colocalized (figure 24).  Puncta formation does not 
occur when Arc-mCherry is transfected with EGFP or when EGFP-PICK1 is cotransfected with 
mCherry.  This supports evidence that Arc and PICK1 interact and that this interaction occurs at 
the membrane where there two proteins are natively active.   
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Figure 8. Normalized brightness of Arc-mCherry in the cytosol 
 
Brightness values for Arc-mCherry normalized to mCherry in live cells.  Cotransfection of 
EGFP-PICK1 with Arc-mCherry increases the brightness of Arc-mCherry alone (p=0.026).  The 
normalized brightness of Arc-mCherry in the cotransfected cells is trending significantly higher 
compare to cells transfected with Arc-mCherry + EGFP (p=0.056). n=17-19 per group. 
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Figure 9. Concentration dependence of normalized brightness for Arc-mCherry in the cytosol  
 
Arc-mCherry normalized brightness as a function of concentration.  
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Figure 10. Normalized brightness of EGFP-PICK1 in the cytosol 
 
Brightness values for EGFP-PICK1 normalized to EGFP in live cells. The normalized brightness 
between groups is not significantly different (One-Way ANOVA p=0.33, n=19-20 per group). 
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Figure 11. Concentration dependence of normalized brightness for EGFP-PICK1 in the cytosol 
 
EGFP-PICK1 normalized brightness as a function of concentration.  
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Figure 12. Diffusion of Arc-mCherry in the cytosol 
 
Diffusion of mCherry in live cells is significantly higher than Arc-mCherry (p<0.001, n= 17-24 
per group).  The diffusion of Arc-mCherry between test conditions was not significantly 
different.  
 
. 
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Figure 13. Concentration dependence of diffusion for mCherry and Arc-mCherry in the cytosol 
 
mCherry and Arc-mCherry diffusion as a function of concentration. 
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Figure 14. Diffusion of EGFP-PICK1 in the cytosol 
 
Diffusion of EGFP in live cells is significantly higher than EGFP-PICK1 (p<0.001, n= 18-20 per 
group).  The diffusion of EGFP-PICK1 between test conditions was not significantly different. 
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Figure 15. Concentration dependence of diffusion for EGFP and EGFP-PICK1 in the cytosol 
 
EGFP and EGFP-PICK1 diffusion as a function of concentration. 
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Figure 16. Diffusion of Arc-mCherry associated with EGFP-PICK1 
 
Cross-correlation (green) of Arc-mCherry with EGFP-PICK1 in cotransfected cells demonstrates 
Arc-PICK1 interaction.  The rate of diffusion of the cross-correlated species is not significantly 
different compared to the diffusion of Arc-mCherry or EGFP-PICK1 alone (One-Way ANOVA, 
p=0.25, n=10-24 per group). 
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Figure 17. FRET shows evidence of interaction between Arc and PICK1 
 
Fluorescence lifetime averaged between τP and τM for each cell.  The lifetime is not significantly 
different between groups (One-Way ANOVA, p=0.85, n=16-23 per group).  Though the average 
lifetime for the EGFP-PICK1 + Arc-mCherry group is not significantly different from that of the 
other groups the range of this group is larger than the other groups. There were several cells with 
lower lifetimes that were not observed in other groups. 
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Group	 Depolarized	
Average	Lifetime	
(ns)	 n	
Average	Lifetime	
(ns)	 n	
EGFP		 N	 2.41	±	0.03	 10	 		 		
EGFP	 Y	 2.43	±	0.01	 9	 		 		
PICK1	 Y	 2.40	±	0.03	 10	 1.68	±	0.05	 2	
EGFP-PICK1	+	Arc-mCherry	 N	 2.38	±	0.04	 10	 1.80	±	0.01	 2	
EGFP-PICK1	+	Arc-mCherry	 Y	 2.37	±	0.05	 17	 1.85	±	0.20	 12	
 
Table 1. Average fluorescence lifetimes in depolarized and nondepolarized cells 
 
The average lifetime and standard deviation are presented for each group.  If two lifetimes were 
present based on the phasor plot distribution a second average lifetime and standard deviation are 
presented along with the number of cells with a second lifetime.   
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Figure 18. Nondepolarized cell with a single lifetime 
 
A. Intensity image of a nondepolarized cell cotransfected with EGFP-PICK1 + Arc-mCherry.  B. 
Phasor plot of the lifetime associated with the cell depicted.  No points are seen in the green 
circle which represents a lifetime of 1.8ns.  C. Cell image highlighted based on the lifetime. The 
red regions have a lifetime of approximately 2.4 ns, which are circled in red on panel B.  
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Figure 19. Depolarized cell demonstrating energy transfer 
 
A. Intensity image of a depolarized cell cotransfected with EGFP-PICK1 + Arc-mCherry.  B. 
Phasor plot of the lifetimes associated with the cell depicted. The red circle represents a lifetime 
of approximately 2.3ns and the green circle represents a lifetime of approximately 1.8ns. C. Cell 
image highlighted based on the lifetime.  The left panel shows the color scheme used to illustrate 
the lifetime on the right panel. The projection area of the cell shows a lower lifetime compared to 
the cell body, likely due to energy transfer from EGFP to mCherry. 
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Figure 20. Normalized brightness of Arc-mCherry on the membrane 
 
Percent of pixels of a cell that correspond to a normalized brightness value of monomer, dimer, 
or higher order oligomer is presented according to group.  There is no significant difference 
between groups for any oligomerization state (One-Way ANOVA, p=0.61, n=43-58 per group). 
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Figure 21. Concentration dependence of normalized brightness for Arc-mCherry on the 
membrane  
 
Arc-mCherry median normalized brightness determined using TIRF microscopy as a function of 
concentration.  
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Figure 22. Normalized median brightness of EGFP-PICK1 on the membrane 
 
The median normalized brightness of EGFP-PICK1 normalized to EGFP based on images 
collected using TIRF microscopy.  The normalized brightness of EGFP-PICK1 is significantly 
higher than that of the cotransfected groups (One-Way ANOVA, p<0.001, n=54-68 per group).   
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Figure 23. Concentration dependence of normalized brightness for EGFP-PICK1 on the 
membrane  
 
EGFP-PICK1 normalized brightness determined using TIRF microscopy as a function of 
concentration.  
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Figure 24. TIRF intensity images of transfected cells 
 
A. Cell single transfected with Arc-mCherry showing large puncta. B. Cell single transfected 
with PICK1 that does not have puncta. C. Cell cotransfected with Arc-mCherry and EGFP-
PICK1 that shows colocalized puncta in both the red and green channels. 
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CHAPTER 4. Discussion 
 
4.1 Role of Arc/PICK1 interaction in learning and memory  
Despite many studies on the function and regulation or Arc, a large gap has existed in the 
mechanism of specific AMPAR endocytosis associated with Arc expression.  We sought to find 
a molecular connection between Arc and AMPARs through which Arc can facilitate trafficking 
of endocytic machinery.  PICK1 was a good candidate for Arc interaction as it is known to bind 
to the C-terminal tail of AMPARs and is associated with AMPAR trafficking during LTD100.  In 
this study, we demonstrated that Arc interacts with PICK1 wherein there is a marked promotion 
in PICK1 clustering on the plasma membrane.  In addition, we have shown that this interaction is 
primarily observed towards the projects of SH-SY5Y cells and is enhanced under depolarizing 
conditions.  This localization in interaction suggests that these sites contain signals required to 
facilitate Arc-PICK1 interaction.  Additionally, there may be intracellular signals that are 
activated during depolarization that affect the affinity of Arc and PICK1.  Of interest, we noticed 
a concentration dependence of Arc self-association on the plasma membrane (figure 21).  
Therefore, it is possible that rapid expression of Arc during LTD increases the local 
concentration to promote protein association.  It has been shown that the presence of Arc 
increases dynamin polymerization and GTPase activity45.  Therefore Arc can greatly facilitate 
the rate of endocytosis through the activity of dynamin.  This activity will specifically occur near 
AMPARs due to Arc/PICK1 interaction. 
We characterized the biophysical properties of Arc and PICK1 in the cytosol and at the 
plasma membrane of SH-SY5Y cells.  Within the cytosol both molecules had reduced diffusion 
indicating that the mobile fraction of these proteins were associated with slower moving cellular 
components.  Brightness analysis demonstrates that Arc is primarily monomeric while PICK1 
exists as a monomer-dimer equilibrium.  Cross-correlation of the RICS images for Arc-PICK1 
indicate that their interaction in the cytosol is occurring on slow moving structures as the 
diffusion is not significantly altered.   Moreover, the B values seem to indicate that the 
interaction of these two proteins could be on the order of 1:1 or 1:2 (Arc:PICK1).  Both 
potentially would work biologically as one could envision an arrangement where PICK1 binding 
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occurs between AMPARs and Arc.  However, the specific stoichiometries of these interactions 
remain to be determined.     
Arc and PICK1 activity are associated on the plasma membrane.  Therefore, we anticipated 
significant alterations in protein dynamics when examining the plasma membrane via TIRF 
microscopy.  Interestingly, we found no significant change in brightness values between cytosol 
and the plasma membrane.  However, we observed large spots of Arc and PICK1 on the plasma 
membrane when cotransfected, which due to slow mobility are difficult to include in N&B 
values because the intensity variance is low.  The size of these aggregates are much larger than 
puncta that are typically associated with clathrin-mediated endocytosis which are at or below the 
point spread function of our microscope101.  Therefore, these aggregates may serve as a protein 
hub to prepare for endocytosis. 
Over the past decade, several laboratories have discovered interactions between Arc and 
other proteins.  This list includes dynamin44, endophilin44, clathrin-adaptor protein 2102, possibly 
TARPγ2 (Stargazin)103, and now PICK1.  The three dimensional structure of Arc, however, has 
few identifiable domains.  Given the interaction of Arc with numerous proteins we postulate that 
Arc acts as a scaffolding protein during LTD.  Our results suggest that LTD-induced reduction in 
surface AMPARs results from Arc scaffolding between PICK1 bound to GluR2 or GluR3 and 
the endocytic machinery (endophilin, dynamin, and clathrin).  Arc thereby directs the targeting 
of endocytic machinery to AMPARs to reduce surface expression.  
 
4.2 Future directions 
 
Depolarization was shown to increase the interaction of Arc and PICK1, which verifies a 
promising role of the interaction in LTD.  KCl depolarization has been shown to bring about 
similar molecular effects compared to chemical induction of LTD by low dose NMDA96.  
However, there are two distinct types of LTD in hippocampal CA1 cells, NMDAR-dependent 
and mGluR-dependent.  Therefore different chemical induction protocols for LTD exist by the 
addition of glutamate41, NMDA96, or DHPG which is selective for mGluRs104.  It will be 
important to delineate if there is a difference in Arc/PICK1 interaction under various conditions 
of LTD induction to establish its role in different mechanisms of LTD.  Additionally, Arc/PICK1 
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interaction studies should be conducted with varying levels of calcium and PKC as these are 
important intracellular signaling molecules that are associated with LTD. 
Without a method to manipulate the Arc/PICK1 interaction it will be difficult to establish the 
role of the interaction in LTD.  Both proteins are individually associated with AMPAR 
endocytosis but whether an interaction between them is required is not known.  Efforts to isolate 
and mutate the binding regions of the protein are therefore needed.  Additionally, it has been 
shown that Arc is no longer functional in recovering memory deficits in mice when tagged with a 
fluorescent protein (Kimberly Huber, unpublished).  We are currently working on developing a 
model to tag this protein with a fluorescent molecule that will not impact its function.  
Ultimately, we hope that uncovering the molecular mechanism of Arc in LTD will help us 
understand and direct treatments for diseases associated with altered expression of Arc.  
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